Objective: To evaluate whether biaxial flexural strength (BFS) of dual resin cements is affected by light absence or attenuation, storage time, or cements' chemical nature.
| INTRODUCTION
Esthetic, indirect restorations are one of the most popular clinical procedures in recent years. To provide long-term success of those restorations, an adequate cementation process is mandatory. 1 The choice of an adequate luting agent depends on its nature, physical-chemical/ biological properties, and handling characteristics. 2 Resin cements achieve better marginal seal, physical properties, and better bonding compared to conventional water-based cements. [3] [4] [5] [6] Nevertheless, a variety of factors can influence the performance of luting materials, including the clinical scenario 1 and the curing method, which may affect the material degree of conversion, 2 physical-chemical properties, 3, 4, 7 and biocompatibility. 5, 8 Resin cements are classified according to their method of polymerization activation: self-cured (chemically activated), light-cured (photoactivated), or dual-cured cements (the combination of both activation mechanisms). 9 However, dual-cured resin cements are the preferred choice among dentists for cementation of indirect restorations. These materials may be beneficial when light-curing may be compromised, due to their capability of being cured by both methods (chemical and light). [10] [11] [12] [13] Light attenuation may occur in deep areas of the preparation, such as interproximal boxes, due to the thickness of the restorative material placed into these areas. This fact may compromise the effectiveness of resin cement polymerization due to a lower radiant energy reaching the cement layer in those conditions. [14] [15] [16] [17] [18] Lower energy values result in under polymerization of the cement, thus leading to hydrolytic degradation, microleakage, and recurrent caries. 19, 20 Currently, 2 main classifications of dual-cured resin cements are available. The conventional type, which requires an adhesive system (etch-and-rinse or self-etch) to bond to the tooth structure, and the self-adhesive resin cements that avoid this step. 21 Nevertheless, there is scant information regarding short-and long-term mechanical behavior of either type of resin cement, when cured under different clinical scenarios, such as light absence/attenuation.
Dental restorations face complex mastication forces producing a considerable amount of flexural stresses. 22 Variation in cement composition may influence its performance when submitted to flexural stress. 23 Therefore, flexural strength evaluation is essential to predict the ability of resin cements to resist masticatory forces, preventing prosthesis dislodgement and restoration failure. 24 The purpose of this in vitro study was to evaluate whether biaxial flexural strength (BFS) of dual resin cements is affected by light absence or attenuation, storage time, or by the chemical nature of the product (non-self-adhesive or self-adhesive resin cement). Three null hypotheses were tested: (1) within a given type of cement, BFS is not significantly affected by light absence or attenuation during polymerization, regardless of storage condition; (2) within a given type of cement, BFS is not significantly affected by the different storage periods, regardless of light conditions imposed during curing; and (3) regardless of light-curing conditions or storage times, there is no difference in BFS between a nonself-adhesive resin cement and a self-adhesive resin cement.
| MATERIALS AND METHODS
Two types of dual-cured resin cements were used: a non-selfadhesive resin cement (Variolink II, Ivoclar Vivadent, Schaan, Germany
[NA]) and a self-adhesive resin cement (RelyX Unicem 2 automix, 3 M ESPE dental products, Seefeld, Germany [SA]). Compositions, manufacturers, and lot numbers of each product are provide in Table 1 .
A block of pre-cured, nano-filled composite (LAVA Ultimate, 3 M ESPE, Saint Paul, Minnesota. Color A2) was used to simulate an indirect composite resin restoration. The block was then machined on a lathe to obtain a cylinder 6.5 mm diameter and 6 mm high. The lateral side of the cylinder was covered with black tape, leaving only the upper and lower surfaces exposed.
Teflon molds (6.5 mm in diameter, 0.5 mm in thickness) were previously positioned onto a polyester strip and placed on a controlled temperature surface, fixed at 35 C (heating surface device, EFF 421, Insight, Ribeirao Preto-Sao Paulo, Brazil). 25 In a controlled environment (23 AE 2 C and 50% of relative humidity), resin cements were mixed according to manufacturer instructions, and then inserted directly into the Teflon molds (Gasket Cannon, Inc., Upland, California). The mold filled with resin cement was immediately covered with another polyester strip and a glass slide. The whole assembly was kept under pressure using a clamp.
One hundred and twenty disk-shaped specimens from each resin applied load was continuously monitored. When specimen failure occurred, the final load was recorded. These data, along with the specimen dimensions, were used to calculate the BFS (σ), using the formula from ISO 6782 26 :
where:
σ is the maximum tensile stress in the middle of the specimen (MPa).
P is the total load at the failure point (in Newtons).
b is the specimen thickness (mm) at the failure origin.
The parameters "X" and "Y" from above were calculated as follows:
Where:
v is Poisson's ratio (0.24).
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r 1 is the radius of the support circle (mm). r 2 is the radius of the loaded area (mm). r 3 is the radius of the specimen (mm).
Because the original BFS values presented asymmetric distribution, generalized linear models (GLM) were used for the analysis of variance to test the hypotheses and to perform group comparisons.
GLM were adjusted to the gamma distribution, following the 2 × 3 × 4 design (resin cement × storage × polymerization mode, α = 0.05) using the GENMOD function from a statistical software program (V 9.3, SAS; Institute Inc., Cary, North Carolina).
In addition, to obtain information regarding the reliability of each applied treatment, Weibull analyses were performed. The Weibull moduli (shape parameter) (slope of the line relating applied stress and the probability of specimen failure, m) and the characteristic strength (σ θ ) (the stress value where the probability that 62.5% of specimens will fail) were calculated, applying the maximum likelihood estimation.
The 95% upper and lower confidence intervals were calculated using the likelihood ratio (MINITAB 17.0; State College, Pennsylvania). Differences between the paired values for either m and σ θ were considered significant when the 95% confidence intervals did not overlap.
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3 | RESULTS Statistical analysis revealed that factors "resin cement", "curing method", "storage time", and all possible interactions between them were statistically significant (P < 0.0001). BFS values are shown on (Table 2 ).
Comparing the self-adhesive and non-self-adhesive resin cements, the latter showed significantly higher BFS values for the ID method. These findings apply to the following test parameters: after 15 minutes, after 24 hours storage for all methods employing light, and after 6 months storage for SC and ID curing-methods (Table 2) . uct. This finding suggests a more predictable, consistent performance of that type product than seen when using the non-self-adhesive cement.
| DISCUSSION
The first null hypothesis was rejected, because lower BFS values were observed when self-curing and indirect light-curing methods were applied, mainly for self-adhesive cement. Polymerization of both resin cements was light-dependent, because each product failed to achieve sufficient polymerization after 15 minutes, when submitted to selfcuring method. This was why, it was not possible to perform the BFS test on those specimens. The reaction kinetics of the self-curing mechanism, which occur gradually, may require more than 15 minutes to demonstrate an initial proper polymerization. Hence, it is possible that specimens submitted to these conditions deflected more than half of their total thickness, and thus automatically failed this the test requirement. Based on these in vitro results, and if extrapolated to the clinical situation, after-cementation procedures, such as occlusal adjustment and restoration polishing, should be performed after 15 minutes.
During chemical curing mechanism, the reaction process leads to formation of a more linear polymer instead of a cross-linked polymer. 29 In the current study, self-cured specimens showed BFS values approximately 50%-60% lower, than when visible light was directly applied. These findings are in accordance with previous studies, 10,12,17,30-33 which showed a negative effect in the properties of some cements exerted as a consequence of using the self-curing method. Evidence of such lowered properties include decreases in the degree of conversion, crosslink density, hardness, and flexural strength.
In the current study, radiant exposure was recorded using a thermopile, to measure the effect of attenuation methods on light reaching the specimen. When light was attenuated by distance or when passed through a resin barrier, the values of radiant exposure reaching the resin cement decreased between 52%-91% (respectively), compared with the direct light-curing method. This finding agrees with previous studies stating that a distance of 6-8 mm between the light tip and the base of the interproximal box in molar teeth may lead to a 50% reduction in radiant exposure reaching the resin cement. 14, 34, 35 Despite the drop in radiant exposure obtained in the current study, . 36 These results confirm that radiant exposure values above 10 J/cm 2 are adequate to form an acceptable polymer network structure. 6, 37, 38 In the present study, specimens were proportioned and mixed at room temperature and then placed on a controlled-temperature surface of 35 C, attempting to mimic prepared tooth conditions. 25 Cement temperature is reported to raise the degree of conversion value, [39] [40] [41] improve polymerization kinetics 39, 40 promote formation of free radicals and enhance monomer mobility. 40, 42 In the present study, the effects of elevated surface temperature may have exerted a compensative effect on BFS of groups where the curing light was attenuated.
Self-adhesive and non-self-adhesive resin cements differ in their chemical composition, which may influence their behavior during different curing methods. When light is attenuated, the polymerization process becomes more dependent on the chemical initiating components of dual resin cements. Consequently, different components may influence the polymerization behavior of these materials. 13, 33, 43, 44 The redox system of self-adhesive cement is based on sodium persulfate and tert-butyl peroxide trimetilhilhexanoate. 45 This system shows slow polymerization kinetics at temperatures below 30 C, and accelerates rates above 40 C, suggesting that the reaction is directly dependent on temperature. 46 Conversely, the redox system in nonself-adhesive resin cement is initiated by benzoyl peroxide and a tertiary amine. 30 Temperature increases benzoyl peroxide degradation rate and, consequently, raises the concentration of radical activators. 47 Thus, at 35 C, it might be expected that the non-self-adhesive cement forms more polymerization growth centers and produces radicals more rapidly than does the self-adhesive resin cement, resulting in higher monomer conversion values. 48 This supposition is reflected in the study outcomes, because the non-self-adhesive cement showed no significant difference in BFS values between direct light-curing and indirect light-curing methods after 24 hours storage, whereas the selfadhesive cement displayed lower results when indirectly light-curing (self-curing only) was applied.
The second null hypothesis was rejected. To investigate if flexural strength is affected by storage times, BFS values of the resin cements were measured after 15 minutes, 24 hours, and 6 months. Both resin cements types showed an increase in strength from 15 minutes to 24 hours storage, when polymerized using the indirect light-curing method, suggesting that the polymerization mechanism may need time to complete in attenuated light conditions. Previous research reports that the polymerization of resin-based materials may continue, even up to 24 hours after being light-cured, due to the delayed action of unreacted free radicals that may continue to react within the polymer. 49, 50 Thus, it is possible that, when light reaching the specimen is scant, the chemical curing reaction may contribute, in a synergic manner, along with photo-curing, to increase BFS values after 24 hours storage, as this mechanism is slow and may take longer to complete its reactive cycle.
The polymer formed by the self-curing mechanism (SC method) of self-adhesive resin cement appears to be affected by the action of water, as BFS values and Weibull moduli (m) decreased after 6 months storage. Water acts as a solvent, dividing polymer chains and occupying the spaces between them. 51 This degradation may occur more in materials containing hydrophilic monomers, such as in the selfadhesive resin cement (methacrylate monomers with carboxylic acid groups or phosphoric acid groups). 21 If the polymer formed is weak, this effect is worse, typically involving leaching of filler particles from the organic matrix, 52 elution of unreacted components, and degradation of the polymer structure. As a consequence, the physical properties of the materials are reduced. 53, 54 The third research hypothesis was rejected. The BFS values of non-self-adhesive resin cement were higher compared with those of self-adhesive resin cement when left to be self-cured (6 months) or when indirectly light-cured (15 minutes, 24 hours, and 6 months).
These results may be explained by the differences regarding each material composition (redox system, filler particle concentration, type and amount of monomers) influencing properties such as viscosity, degree of conversion, hardness, modulus of elasticity, and material strength. 23, [31] [32] [33] The self-adhesive cement contains high concentrations of hydrophilic monomers (methacrylate monomers with carboxylic acid groups and ester groups). 45 The enhanced predictability (less variation in failure strengths seen in Weibull plots, Figures 2 and 3 ) of the self-adhesive cement compared to the non-self-adhesive cement are quite interesting.
These findings imply that clinicians might find better consistency of performance over time when using the self-adhesive product. However, the self-adhesive product is only indicated when there are high amounts of preparation retention. This type cement is not indicated for veneers or for preparations with less than ideal axial wall length and high degrees of wall taper. 56 The present work was conducted under dry conditions. Consequently, materials tested were not submitted to humid environment as in a clinical scenario. Another study limitation may be that the resin cements were not evaluated during interaction with tooth tissues.
This aspect is of great relevance when using the self-adhesive material. In that product, the acidic nature of the resin is expected to attack the basic structure of tooth tissues, resulting in a rise in pH before cement polymerization. Because low pH values are known to inhibit resin polymerization, the manner in which the self-adhesive cement was tested in the present study did not incorporate this aspect. Future studies should test this parameter when bonding the same cements to tooth structure, as well as, using controlled levels of intrapulpal pressure.
| CONCLUSIONS
Within the limitations of the current study, it was concluded that:
1. The self-curing method was not sufficient to allow resin cements to achieve the minimum required mechanical properties, within 15 minutes after mixing. 
